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ABSTRACT 

We present high-quality J, H and Ks photometry of four Small Magellanic 
Cloud stellar clusters with intermediate ages in the 1-7 Gyr range (namely 
NGC 339, 361, 416 and 419) . We obtained deep Color-Magnitude Diagrams 
to study the evolved sequences and providing a detailed census of the Red Giant 
Branch (RGB), Asymptotic Giant Branch (AGB) and Carbon star populations 
in each cluster and their contribution to the total cluster light. We find that 
in the ~5-7 Gyr old clusters AGB stars account for ~6% of the total light in 
A's-band, Carbon stars are lacking and RGB stars account for ~45% of the total 
bolometric luminosity. These empirical findings are in good agreement with the 
theoretical predictions. Finally, we derived photometric metallicities computed 
by using the properties of the RGB and finding an iron content of [Fe/H]= -1.18, 
-1.08, -0.99 and -0.96 dex for NGC 339, 361, 416 and 419 respectively. 
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Subject headings: Magellanic Clouds — globular clusters — techniques: photom- 
etry 



1. Introduction 



The history and the evolution of the Large and Small Magellanic Clouds (LMC and 
SMC, respectively) are intimately related to the gravitational interactions between the two 
Clouds and the Milky Way. In particular, the main episodes of star formation enhancement 
in th e SMC are triggered by the near, perigalactic p assages of the LMC and of the Milky 
Way ( Harris fc Zaritsky 2004 : Zaritsky &: Harri"^ 2004 ). The epoch and rate of the main star 
formation episodes in the Magellanic Clouds (M Cs) are still matter of deb ate and several sce- 
narios have been proposed. For the SMC , while iHarris fc Zaritskvi (120041 ) suggest 3 episodes 
occurred 400 Myr, 3 Gyr and 9 Gyr ago, iDolphin et al. J200lh favor a more continuous star 
formation in the halo with a dominant episode 5-8 Gyr ago. iRafelski fc Zaritsky! (120051 ) 
argue that the cluster age distrib ution shows a few peaks, but no significant gaps as in the 
LMC (see also lchiosi etaPbood l 



MCs host a globular cluster system which includes objects with different age and metal- 
licity, thus representing a formidable probe of the various stellar populations in the MCs as 
well as ideal templates for the study of stellar evolution and population synthesis. In this 
respect, the near-infrared (IR) spectral range is particularly suitable to sample the evolved 
stellar sequences, whose giant stars are characterized by low surface gravities and effective 
temperatures. 



In our previous papers (IFerraro et al.l l2004l : iMucciarelli et al.l |2006| . hereafter Paper I 
and Paper II, respectively) the near-IR Color-Magnitude Diagrams (CMDs) of 19 young- 
intermediate age LMC clusters (from ~80 Myr to ~3 Gyr) have been analysed, providing 
a quantitative estimate of the AGB and RGB contributions to the total light, as a function 
of the cluster age. The AGB contribution to the total luminosity starts to be significant at 
~200 Myr, with a maximum (~80%) at ~500-600 Gyr. At this same epoch the RGB phase 
transition occurs and for ages older than 1 Gyr the RGB itself becomes fully developed, 
while the contribution of AGB is progressively reduced. 

The present paper reports the results for four SMC clusters belonging to the intermediate- 
age population of the SMC. The principal aims of this work are the study of the main features 
of their near IR CMDs and the contribution to the total cluster luminosity of the AGB and 



^Based on observations collected at La Silla ESO Observatory under proposal 076.D-0381(B). 
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RGB stars. This sample of SMC clusters allows to check the contribution of the AGB and 
RGB stars for clusters in an age range (~5-7 Gyr) not covered by the LMC cluster system 
(because it corresponds to the so-called Age-Gap), thus providing complementary informa- 
tion. 

The paper is organized as follows: Sect. [2] describes the observations and photometric 
analysis. Sect. [3]presents the near-IR CMDs and their main features, the inferred metallicities 
and the integrated magnitudes. Sect. O describes the procedure adopted to estimate the 
completeness correction and the field decontamination. Sect. E] describes the detailed census 
of the AGB and Carbon stars in each cluster, and their contribution to the total luminosity, 
while Sect. [7] analyzes the RGB stellar population. 



2. Observations and data reduction 

A set of J, H and Kg images of four stellar clusters (namely NGC 339, 361, 416 and 
419) in the SMC has been selected at the European Southern Observatory (ESO), La Silla, 
on 2006 January 1-3 (Program ID: 076.D-0381(B)), by using the NTT 3.5m telescope and 
the near IR imager /spectrometer SOFT, equipped with a Ikxlk HAWAII array detector. All 
the observations have been performed by using 0.292" /pixel scale, providing a ~ 5"x 5" field 
of view each frame. 

Total integration times of 4min in J, 8min in H and 16min in Ks (split into sets of 
shorter exposures) have been secured, allowing to reach a magnitude threshold of J~19 
and H and Kg ~18.5. All the secured images have been roughly centered on the cluster 
center. Moreover, for each target cluster, a control field (a few arcminutes away from each 
cluster center) has been observed adopting the same instrumental configuration; these field 
images have been used to construct median-average sky frames. High signal-to-noise flat 
fields in each band have been acquired by using a halogen lamp alternatively swichted on 
and off. The final cluster and field frames have been sky-subtracted and fiat-field corrected. 
The observations have been obtained in good seeing conditions (0.6"-0.7" on average) B 
The point spread function fitting procedu re has been performed by using the ALLSTAR 



routine of the DAOPHOT (jStetson 1119871 ) reduction package. The detection of the stellar 
sources has been performed in the J image, then this list of stellar objects has been used as 
reference for the reduction of the images in the other two filters. The output catalog, obtained 
by cross-correlating the single-filter catalogs, includes all stars measured in at least two 



^Only for the cluster NGC 361 the observations have been performed in worse seeing conditions 
Umiting the magnitude threshold to Kg ^18. 
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bands. The instrumental magnitudes have been transformed into the Two-Micron All-Sky 
Survey (2MASS) photometric system, by using the large number of stars (a few hundreds) 
in common between SOFI and the 2MASS. No significant color term in each band has been 
found. Finally, the brightest stars that turned out to be saturated in the SOFI images 
have been recovered from the 2MASS catalog (the typical saturation limit in our images is 
Ks ~11). A final catalog listing ~1500-2500 stars has been obtained in each program cluster. 
Each cluster center of gravity Cgrav (see Table [1]) has been computed by averaging the a- 
and ^-coordinates of stars lying within a fixed radius (typically ~90") from a guess center 
(estimated by eye). 



The CMDs 



Fig. [T] reports the { Ks, ji-Kf,)) CMDs of the four clusters of our sample. For each cluster 
the age s-parameter § ( jElson fc Fall 1985 ) is also reported; Fig. [2] shows the CMDs of the 
corresponding control fields. For each cluster. Table [T] summarizes the coordinates of the 
center of gravity and other cluster properties, in particular: 

(i) reddening: for 3 stellar clusters (namely NGC 416, 339 and 361) we adopted the E(B-V) 
computed bv iMighell. Sarajedini fc French! (|l998h . f rom optical WFPC 2@HST CMDs. For 
NGC 419 the typical reddening value of the SMC (IHunter et al.ll2003l ) has been adopted. 
However, it is worth noticing that the small amount of reddening in the direction of these 
clusters has a negligible impact on the near IR photometry. 

(a) age: as already discussed in Paper I and II, the lack of a homogeneous age scale for 
the Magellanic clusters based on the measurement of the Main Seque nce Turn-Off repre- 
sents a severe limitation. Accordingly to Paper I and II, we adopted the lElson fc Falll (19851) 



Girardi et al. 



s-para meters ge indicator and the most recent age calibration deri ved by 

Jl995h : log(Age)=6.227+0.0733-s. Bv using WFPC2@HST photometrv. fMighell. Saraiedini fc French 



mm derived Turn-Off ages for NGC 339, 361 and 416 in the 5-7 (± 1.1-1.3) Gyr range 



(see Table H]). Recently, new de terminations of the ages of NGC 339, 416 and 419 have been 
presented by iGlatt et al.l (120081 ) . based on high- resolution ACS@HST photometry, deriving 
an age of 6 Gyr for the first 2 clusters. In the case of NGC 419 the authors list only an 
age range (between 1.2 and 1.6 Gyr) because of the c omplex Turn-Off rn orphology. This age 
is also in agreement with the previous estimate (see iRich et al. 1120001 ). All the direct age 
estimates are consistent with those inferred from the s-parameter. 



The so-called s-pa rameter, defined by Elson fc Fall ( 1985f) represents an extension of the SWB classi- 



fication, introduced bv lSearle. Wilkinson. &: Bagnuolo 
the position of the clusters in the {U — B)o-{B — V)a plane 



1980h to date the Magellanic clusters and based on 
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The main features of these CMDs are summarized as follows: 

(1) an extended and fully populated RGB; 

(2) a bulk of stars at Kg ~17.5, corresponding to the He-Clump; 

(3) the brightest objects with Kg <13 are likely AGB stars; 

(4) the cluster and field population have similar features. 



The presence of a well-defined and populated RGB in each cluster is in agreement 
with the relatively old age of the clusters which have already experienced the RGB phase 
transition (as discussed in Paper I and II). We note that the CMDs of NGC 416 and of 
its surrounding field show a blue stellar population (located at (J-i^'s)~-0.1 and with stars 
brighter than Kg ~ 16.5 ). This younger population has bee n also detected in the optical 
photometry presented by iMighell. Sarajedini fc French 



4. Metallicity 



As well known the properties (morphology and position) of the RGB are sensitive func- 
tion of the overall metallicity of the population. Hence, the presence of a well populated 
RGB in the CMDs sho wn in Fig. [J allows us to d e rive a photometric measure of the cluster 
metallicity. Recently, IValenti. Ferraro &: Origlial (120041 ) have presented a calibration of a 
set of morphological RGB parameters (in the IR plane) in terms of t he cluster metallicity 
for a sample of old Galactic globular clusters, by adopting both the ICarretta fc Gratton 
(]l997l ) iron metallicity scale and the global metallicity [M/H], as computed by taking into 
account the enhancement of the a-elements. Since the few available chemical information 
for t he SMC s tellar population indicate solar scaled value of the [a/Fe] abundance ratio 



see 



Hill! 119971 ) ■ we use the [Fe/H] scale as ref e rence . We used the entire set of RGB pa- 
rameters defined by IValenti. Ferraro fc Origlial (120041 ) in the IR planes {Kg., J-Kg) and (H, 
J-H), namely the (J — Kg)^ color at different absolute magnitudes Mi^=(-3,-4,-5,-5.5), the 
(J — H)q color at Mj|/=(-3,-4,-5,-5.5), the Kg absolute magnitude at fixed ((J — Kg)Q)= 3, 
the H absolute magnitude at (J — H)q= 3 and the slope of the RGB. All the photometric 
parameters have been measured along the RGB cluster mean ridge lines. Thes e fiducial 



ridge lines have been cornputed following the procedure described in iFerraro et al.l (119991 ): 
Valenti. Ferraro fc Origlial (120041 ). First, we selected (by eye) stars belonging to the RGB in 
order to exclude He-clump, AGB and field stars, then the second-order polynom has been 
fitted to the observed distribution. The ridge line has be en transforrned in to the absolute 
plane by adopting a distance modulus of ( m — M)n=18.99 (ICioni et al.ll2000l) . the reddening 
listed in Table [Hand the extinction law by lRieke fc LebofskyI (119851 ). Once the photometric 
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parameters were measured, the various esti mates of the cluster metal l icity w ere computed 
from the equations hsted in Appendix A of IValenti. Ferraro fc Orighal (l2004j ). All these es- 
timates turn out to be consistent one to each other (with average dispersion of ~0.1), so we 
assumed for each cluster metallicity the mean value (and reported in Table [2]), thus finding 
[Fe/H]=-1.18, -1.08, -0.99 and -0.96 dex for NGC 339, 361, 416 and 419, respectively. 



Mighell. Sarajedini fc French! (119981 ) give a photometric estimate of the cluster metallicity 



by using the RGB slope in the optical plane (see Tabled]). We find their metallicities to be 
~0.3 dex more metal-poor than ours; this discrepancy c an be mainly ascribed to the dif- 
ferent adopted metall icity scales. Indeed, the rel ations by IValenti. Ferraro fc Origlial (120041 ) 
ar e calibrated on the ICarretta &: GrattonI (119971 ) scale, while t he si o pe RnR-\Fe/}i\ relation 
by iMighell. Sarajedini fc French Jl998h is on the IZinn &: WestI (Il984j ) scale. 



4.1. Integrated Magnitudes 

In order to compute the integrated magnitudes of the target clusters, we performed 
aperture photometry, with different aperture radii centered on the center of gravity. A cru- 
cial step in this procedure is the correct decontamination from the field population. To do 
this we performed an equivalent aperture photometry on each control field. The resulting 
field luminosity has been subtracted to the cluster luminosity. The instrumental integrated 
magnitude was then calibrated into the 2MASS system following the procedure described in 
Sect. H 



For each cluster. Table [2] lists the integrated magnitude, (J-i^s) and (Ji-Kg) col- 
ors and the Kg and bolometric luminosities, as computed by adopting an aperture radius 
representative of the entire cluster extension (typically 90-100") 0. 

The formal error in the integrated magnitudes can be obtained as the quadrature sum of 
the photometric error associated to the task PHOT and the uncertainty in the aperture cen- 
tering. The latter has been estimated by computing aperture photometry using 4 different 
centers, shifted by ±5 pixels with respect to the Cgrav coordinates. Typically, we estimated 
an error of cr ~ 0.04-0.05 mag in each band, that translates in a errorbar of ~0.07 mag in 
color. 

Total luminosities (in K^-band and bolometric) have been computed by using the inte- 
grated magnitude s and adopting a distance modulus for the SMC of (m — M)o=18.99 



(jCioni et al.ll2000l ). bolometric corrections (by using the (J — Ks)o color) empirically cal- 



''in all the clusters the bulk of the luminosity lies within a ^^50-60" radius 
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ibrated by iMontegriffo et al.l fll998l ) and solar values of M^°' = 4.75 and = 3.41. In 
the following all the derived luminosities are expressed in units of IO^Lq. The main sources 
of error in this case are the uncertainty in the integrated magnitudes and in the bolomet- 
ric corrections (an additional variation of ~10%) which translate into a ~5% and ~10% 
uncertainty in luminosity. 



5. Star counts and population ratios 

In order to estimate the RGB and AGB contributions to the total cluster light, we use 
star counts and population ratios, as obtained by adopting suitable selection boxes for each 
evolutionary sequence (He-Clump, RGB and AGB), as discussed in Sect. [6] and [7] (see also 
Paper I and II). Two main effects must be taken into account in the definition of these 
quantities, the incompleteness of the photometric catalog and the contamination by field 
stars. 



5.1. Completeness and field decontamination 

The degree of com pletene s s can be quantified by adopting the widely-used artificial star 



technique, discussed in iMateol ( 1l988l ). For each cluster we have derived the RGB fiducial line 
and then a population of artificial stars, having magnitudes, colors, and luminosity functions 
resembling the observed distributions has been generated and added to the original images 
(by using the DAOPHOT task ADDSTAR). The frame area sampling the cluster has been 
divided in 3 concentric regions with radii r <20"', 20" < r <60" and 60" < r <90", in order 
to take into account different crowding conditions and the completeness has been estimated 
independently in each of them. The maximum spatial extension of each cluster has been 
estimated from the cluster radial density profile. A total of ~200,000 artificial stars have 
been simulated in each cluster in about 1000 simulation runs. Indeed, in order to not alter 
the crowding conditions, ~100-200 stars have been simulated in each run, corresponding to 
~10% of the total stellar population. The fraction of recovered objects in each magnitude 
interval has been estimated as A = tt^: the completeness curve was obtained in each radial 
subregion and shown in Fig. [21 The correction for incompleteness in each radial region was 
performed by dividing each observed distribution by the corresponding A factor. The total 
number of stars has been obtained by summing the number of stars in each subregion. 



It is worth noticing that this procedure allows to take into account only the loss of faint 
stars due to the crowding but not the possible excess of bright stars due to blending effects 
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of two or more faint stars into a brighter one. However, this latter effect is marginal in the 
near IR. 

Another important effect which needs to be investigated, is the degree of contamination 
of the selected samples by the foreground/background stars. In this paper we have applied 
a statistical decontamination, by using a control field adjacent to the cluster. The total 
number of stars observed in each evolutionary sequence (AGB, RGB and He-clump) has 
been counted accordingly to the selection boxes both in the cluster and field CMDs, and 
corrected for incompleteness (see above). The star counts in the field population have been 
scaled to take into account the different surveyed area, and their contribution have been 
subtracted from the cluster population. 

In summary, for each radial region, each selection box corresponding to each evolutionary 
stage has been divided in bins of magnitude (typically 0.2 mag wide). Then, the "corrected" 
number of stars in each bin has been computed as follows: 

Ucorr = nobs + {nobs{^/^ " 1)) " ^/ 

where nobs is the number of stars observed in that bin, the second term is the number of 
stars lost for incompleteness, ^/ is the expected number of field stars. The total luminosity 
of each evolutionary stage can be computed accordingly to the following relation: 

n 

Lcorr = (y ^ L"''^) + {Ucomp ^ -^eg) ~ {^f X L^g) 
i=l 

where the term Yl^=i ^f"^ is the total luminosity of stars observed in a given bin, Ucomp is 
the number of stars lost for incompleteness, n/ is the expected number of field stars, and 
Leg is the equivalent luminosity of that bin, that is the luminosity of a star with magnitude 
equal to the mean value of the bin. 

Finally, star counts and total luminosity of each evolutionary stage have been obtained by 
summing the contribution of all the bins. § 



6. The AGB and C-stars population 



The A GB stars are the main contributors to the integrated SSP light between ~ 10^ and 
10^ yrs (IRenzini fc Buzzonilll986l : iMarastonI Il998l ) . AGB stars are initially Oxygen- rich. 



""The typical errors for the different population ratios (by number and luminosities) have been estimated 
according ly to the following formula gr = ^-^^i^ ^ = f^jjj^ ^ 

being the numerator and D the 
denominator of the ratio, and by assuming that star coimts follow a Poisson statistics. 
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but if massive enough (with an initial mass M>~2M0) a star undergoes the so-called Third 
Dredge-Up event during the Thermal-Pulse (TP-AGB) phase, and freshly processed Carbon 
is carried to t he su rf ace, producing a C-rich AGB star. 



Frogel et al.l (Il990l ) analyzed 39 Magellanic clusters in order to identify AGB stars and 
concluded that up to 40% of the bolometric luminosity comes from stars with M^oi <-3.6, 
likely belonging to the TP-AGB phase. In Paper II we studied the AGB population in the 
young-intermediate LMC clusters (with ages less than ~3 Gyr), finding that the maximum 
contribution of the AGB to the cluster light occurs at an age of ~500-700 Myr, with a 
dominant contribution from the C-stars population. 

We classify AGB stars only those stars that satisfy the 3 following criteria: 

(1) stars brighter than {Ks)^=12.62 (corresponding to the RGB tip level for the SMC, see 
Cioni et al.ll2000l ). in order to minimize the impact of possible RGB stars contamination; 

(2) in order to separate the cluster stars and the most bright background/foreground stars, 
only stars locate in the box showed in Fig. H] are considered; 

(3) stars located within the cluster extension (see Sec. 14. ip . 

In order to accurately select C-stars in each cluster, we adopted as a diagnostic tool the 
{J — H)q-{H — Ks)q color-color diagram. Left panel of Fig.lHshows the cumulative {J — H)q- 
(H — KfDn diag r am fo r all the selected AGB stars, with overplotted the box defined from 
Bessell fc BrettI (119881 ) to isolate the mean locus of the C st ars and long period variables 
(LPV), and the mean locus for the K giant stars defined by iFrogel et al.l (119781 ). All the 
stars flagged as C-stars show very red (J-.ft's) colors also in the 2MASS database, thus 
excluding major errors in the PSF-fitting procedure. The adopted method ology to identify 
and d istinguish C and 0-stars is also consistent with the criterion adopted by lCioni fc Habing 
( 120031 ). who based their selection on the i-Kg color only and targeting C-stars does brighter 
than the RGB-Tip and with (J-fs:,)>1.3. 

Right panel of Fig. H] shows the cumulative CMD for the four clusters of the sample 
with overplotted the box used for the selection: the candidate AGB stars are marked (grey 
points for the 0-rich and black points for the C-rich stars). In the following we summaries 
the census of the AGB stars in each cluster: 



NGC 416 — Only 1 AGB (0-rich) star has been identified in this cluster. The other 
bright stars detected in the field of view are located too far away from the cluster 
center (at >100"), hence they are unlikely cluster members. 

NGC 419 — This cluster exhib its a large population of candidate AGB stars, already 
studied by iFrogel et al.l (Il990l ) who identified 10 C-stars likely members. We found 
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21 AGB stars, 12 C-stars, 4 likely LPVs, within ~90" from the cluster center. None 
of the LMC clusters previously studied (Paper II) shows a comparable number of C- 
stars. The paucity of C-stars in the observed LMC clusters w ith the same age could 
be ascribed to a metaUicity effect (see Fig. 5 in iMarastonI |2005| ) . We note that outside 
the cluster radius only 3 0-rich AGB stars have been detected and none C-stars. 

NGC 339 — One 0-rich AGB star has been detected, just above the RGB Tip. 

NGC 361 — Only one AGB (0-rich) star has been identified. 



A possible source of error in the computation of the AGB counts and luminosities is 
the location of the RGB Tip: however, a variation of 0.2 mag implies the inclusion of a few 
fainter AGB stars only (with a variation in the total AGB luminosity <10%). 

Table [3] lists the final star counts and luminosities of the AGB and C stars in each 
cluster. Fig. [5] (top panel) shows the Kg-hand luminosity of the AGB stars normalized to 
the total luminosity as a function of age (black points); for comparison the values obtained 
for the LMC clusters in Paper II are also plotted (grey points). It is worth noticing the 
higher (~50%) luminosity ratio of NGC 419 compared to the value (~10%) of the other 3, 
significantly older clusters. Fig. [5] (bottom panel) shows the same distribution but binned 
in age as discussed in Paper II for what concerns the LMC clusters, while only three out 
of four SMC clusters, in our sample namely NGC 339, 361 and 416, with similar ages have 
been binned. 



Theoretical predictions computed by IMarastonI (Il998l . l2005l ) for [M/H]= -0.33 (solid 
line) and -1.35 dex (dashed line) are also plotted for comparison. The theoretical AGB and 
RGB pop u lation ratios have been computed by using SSP models by IMarastonI (119981 ) and 



MarastonI (120051 ) . obtained with an evolutionary code that estimates the energetics of any 



post-main- sequence stage by f ollowi ng the pr escriptions of the fu el consumption theorem 
defined by lRenzini &: Buzzonil (|l986l ) (see also iFerraro et al.l (|2004l ) for more details). 



Similarly, Fig. [S] shows the Kg-hand luminosity of the C-stars only, normalized to the 
total luminosity, as a function of age. Note that in NGC 419 ~80% of the AGB light is 
provided by the C-stars population. 



We thus confirm previous results discussed by iFrogel et al.l (Il990l ) that C-stars are only 
detectable in relatively young (<2 Gyr) clusters of IV- VI SWB Type and theoretical predic- 
tions which require a minimum envelope mass for the occurrence of the Third Dredge-Up. 
Stars with <1.2 Mq initial mass have a residual (if any) envelope mass which is too small 
to experience the Third Dredge-Up . 
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7. The RGB population 

In order to calculate the RGB population ratios we adopted the same procedure used in 
Paper I and II. Three observables have been identified to study the degree of development of 
the RGB as a function of age and metallicity: (i) the number of RGB stars normalized to 
the number of He-Clump stars {Nrgb/ Nue-ci)^ 0^) the bolometric luminosity of the RGB 
normalized to the He-Clump one {L^^q^ / L^^[_qi) , and (in) the bolometric luminosity of the 
RGB normalized to the total cluster luminosity {L^rg^/ L^ot)- order to identify the mean 
loci of the upper RGB and He-Clump stars, we use the cumulative, dereddened Kq-{J — K)o 
CMD as a diagnostic diagram. As in Paper I and II (see their Fig. 5 and Fig. 9 respectively) 
we define two boxes for these evolutionary stages. The size of each box has been defined to 
sample the bulk of the population, assuming to be ~ 5 times the photometric uncertainty at 
a given level of magnitude. The upper limit of the RGB box is the magnitude of the RGB 
Tip, the same used to define the bottom limit of the AGB box (Sect. [6]). 

The final population ratios (by counts and luminosities) have been computed following 
the procedure described in Sect. |3l by also applying the incompleteness correction and the 
statistical field decontamination. The results (star counts for the He-Clump and bright RGB 
and the corresponding bolometric luminosities) are reported in Table |H In NGC 419 star 
counts and luminosities have been computed excluding the innermost region (with a radius 
of 20"), where completeness at the He-Clump magnitude level drops down to 60% (as shown 
in Fig. [3]). 

Fig. [7| and [8] plot the resulting observables for the four SMC clusters (black points) 
presented in this study and for the LMC clusters (grey points) discussed in Paper I and 
II. Theoretical predictions for the [M/H]= -0.33 and -1.35 dex (solid and dashed line 
respectively) metallicities are also plotted for comparison. 

The cluster NGC 419 displays population ratios (both in counts and luminosities) 
slightly higher with respect to the theoretical predictions (similarly to the LMC cluster 
NGC 1783 in Paper II) but still consistent with the occurrence of the RGB phase transi- 
tion. NGC 339, 361 and 416 show Nrgb / Nue-ci ratios somewhat in between the two model 
predictions. Their location is consistent with our photometric estimates of the cluster metal- 



l icity (see Table. |2]), slightly higher than the ones obtained by lMighell. Sarajedini fc French 



mm 
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8. Conclusions 

By using tiigli- quality near IR photometry of four SMC stellar clusters with intermediate 
ages we derived new photometric metallicities. All the observed clusters show similar metal- 
licities ([Fe/H]~-1) with only a weak dependence with the age. Actually, the Age-Metallicity 
Relation for the SMC is not well known and the different metallicity indicators, namely stel- 
lar clusters, planetary nebulae, field stars, still exhibit strong discrepancies . The most recent 



survey of SMC field giants based on Ca II triplet by iCarrera et al.l (120081 ) indicates a value 
of [Fe/H]~-1 dex in the age range between ~3 and ~10 Gyr, and [Fe/H]~-0.7 dex at ~1 
Gyr. 

Furthermore, we investigated the contribution of the AGB and RGB evolutionary stages 
to the total cluster luminosity. The cluster NGC 419, with an age of ~1 Gyr, exhibits 
population ratios for AGB and RGB that follow the behaviour already observed in the LMC 
clusters for objects of similar age. The other 3 clusters, with older ages in the ~5-7 Gyr 
range show a negligible (~6%) luminosity contribution by the AGB, lacking bright C-stars, 
and an increasing contribution by the RGB population with respect to clusters of younger 
ages like NGC 419 and those in the LMC. We find a general agreement between the empirical 
population ratios and those predicted by theoretical models at [M/H]= -1.35 dex. 

We warmly thank the anonymous referee for his/her useful suggestions. This research 
was supported by the Ministero dell'Istruzione, deH'Universita e della Ricerca and it is part 
of the Progetti Strategici 2006 granted by the University of Bologna 
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Table 1. Main parameters of the sample of observed SMC clusters 



Cluster 


a(J2000) 


5(J2000) 


s 


Age' 




[Fe/H] 


E(B-V) 










(Gyr) 


(Gyr) 








NGC 419 


01:08:17.35 


-72:53:04.30 


38 


1.0 


1.2 - 1.6^= 


-0.60^ 


0.08'^ 


NGC 416 


01:07:58.82 


-72:21:18.96 


46 


4.0 


5.6^*; 6^ 


-0.80V1-44'* 


0.08'* 


NGC 361 


01:02:10.09 


-71:36:18.73 


48 


5.6 


6.8^* 


-1.45'* 


0.07'* 


NGC 339 


00:57:46.19 


-74:28:17.58 


49 


6.6 


5.0^*; 6^ 


-0.70^-1.12'= ; 


-1.50"* 0.03'* 



Note. — 

Units of right ascension are hours, minutes and secon ds, and units of dec lination are degrees, ar- 
cminutes, and arcseconds. The s-parameter is from lElson &: Falll (I19851). Aqe,^ and Agexo in- 
dicate the ages inferred by the calibration of s-paramet er by iGirardi et al.l (19951) and by d irect 
TO measureme n ts, re spectively. The ages are from (a) Mighell. Saraiedini fc French f 1998h and 

i cities are f rom (a) iMighell. Saraiedini fc French! (119981 ) . (b) 
Jl998l), (c) ba Costaj^ HatziditrioiJ Jl998l ). The reddening 



e) iGlatt et all (120081). The metal 



de Freitas Pacheco. Barbuy fc Idiart 



are from (a) iMighell. Sarajedini fc FrenchI (119981 ) and (d) iHunter et al.l (120031 ). 



Table 2. Integrated Kg magnitude, colors, luminosities and corresponding metallicities of 

the target clusters 



Cluster 






(J-i^s) 


Tk 

^tot 

(10^40 


T bol 
^tot 


[Fe/H] 




NGC 419 


7.49 


0.31 


1.09 


92.05 


23.22 


-0.96 


NGC 416 


8.68 


0.13 


0.68 


30.76 


14.01 


-0.99 


NGC 361 


8.94 


0.11 


0.78 


24.21 


9.73 


-1.08 


NGC 339 


9.38 


0.10 


0.72 


16.14 


6.84 


-1.18 



Note. — The derived photo metric metallicities are calibrated in 
the ICarretta fc GrattonI (119971 ) metallicity scale. 
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Table 3. Star counts and luminosities for AGB and C stars 



Cluster Nf^^ Nj^^'^ Ncarb L^ob/LL Ncar,/L^t Ncarb/Li, L^caJLi 



NGC 419 21 12 0.54 0.53 0.13 0.38 

NGC 416 1 0.04 

NGC 361 1 0.06 

NGC 339 1 0.08 



Table 4. Star counts and himinositics for RGB and Hc-Chimp stars 



Cluster NrgB Nne-Clump -^RGB ^He-Clump 

(lO^L^f) (lO^L^^O 



NGC 419 263 608 8.69 3.85 

NGC 416 190 299 5.47 1.66 

NGC 361 109 180 4.25 1.23 

NGC 339 107 188 3.09 1.20 
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Fig. 1.— Observed {K„ J-K,) CMDs of the four observed SMC clusters. 
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Fig. 2. — Observed {Kg, J-Kg) CMDs of the fields adjacent to the four observed SMC 
clusters. 
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Fig. 3. — Completeness curves for the four SMC clusters. Short-dashed curves represent the 
inner region (r<20"), solid lines the region between 20 and ~60", and long-dashed lines the 
region between ~60 and 90" . 
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Fig. 4. — Cumulative, dereddened {Kq, {J-Kq)) CMDs for the entire cluster sample, with 
overplottcd the box used to select the AGB population. Grey points indicate the 0-rich 
AGB stars and the black points the G-rich AGB stars. 
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Fig. 5. — Top: Observed AGB contribution to the total cluster Xg-band luminosity as a 
function of the age. The black points indicate the SMC clusters. The grey points indicate 
the LMC clusters studied in Paper II. Bottom: Mean and standard deviation of the same 
ratio with the clusters grouped into age-bins. Theoretical predictions for the temporal evo- 
lution of the entire AGB (both Early and Thermal-Pulse AGB) at different metallicities are 
overplotted: sohd line indicates the model computed at [M/H]= -0.33 and dashed line at 
[M/H]= -1.35. 



-22- 




Fig. 6. — Top: Observed C-star contribution to the total cluster Xs-band luminosity as a 
function of the age. The black points indicate the SMC clusters. The grey points indicate 
the LMC clusters studied in Paper II. Bottom: Mean and standard deviation of the same 
ratio with the clusters grouped into age-bins. 
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Fig. 7. — Behaviour of the number counts of RGB stars normahzed to the He-clump stars as 
a function of the age. Same symbols of Fig. O Solid and dashed lines represent the theoretical 
predictions computed by using canonical models and global metallicity of [M/H]=-0.33 (solid 
line) and -1.35 (dashed line). 
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Fig. 8. — Top: Bolometric luminosity of the RGB normalized to the He-clump as a function 
of the age for the observed MC clusters. Same symbols of Fig. [51 Bottom: Bolometric 
luminosity of the RGB normalized to the total luminosity for the same clusters. 



